1. Introduction {#sec1-cancers-11-01738}
===============

In recent years, in various diseases including cancer, attention has been focused not only on abnormalities in genes encoding proteins but also on epigenetics---the control of gene expression. Epigenetics, which includes mechanisms such as DNA methylation, histone modifications such as acetylation, methylation, phosphorylation, ubiquitination, and sumoylation, and non-coding RNA such as microRNA (miRNA), long non-coding RNA (lncRNA), small interfering RNA (siRNA), and piwi-interacting RNA (piRNA), has attracted attention as a carcinogenic mechanism that differs from chromosomal translocations and gene point mutations. Non-coding RNAs are RNAs that do not translate to proteins and have been recognized as junk, but recent studies revealed that these RNAs play an important role in regulating gene expression and functions. In multiple myeloma (MM), oncogene activation by immunoglobulin heavy chain (IgH) translocations and oncogene mutations are considered to be the most important oncogenic mechanisms; however, a number of epigenetic abnormalities have been reported and their importance is becoming clear. miRNA is thought to be one such epigenetic mechanism and many miRNA abnormalities related to pathogenesis and prognosis have been discovered in many cancers including MM. In this review, we describe the relationship between miRNA abnormalities and MM, outlining their generation and mechanism of action.

2. What Is miRNA? {#sec2-cancers-11-01738}
=================

miRNAs (or miRs) are small RNA molecules with only 19 to 25 bases in length that do not encode proteins. miRNAs were discovered in 1993, when it was found that small RNAs encoded by the lin-4 locus control the development of *Caenorhabditis elegans* by modulating the expression of lin-14 proteins \[[@B1-cancers-11-01738]\]. The importance of this small RNA molecule was recognized in 2000, upon the discovery of a small RNA molecule named let-7, which is 21 nucleotides long and highly conserved between species, from worms to humans \[[@B2-cancers-11-01738]\]. By forming a regulatory complex (RNA-induced silencing complex, RISC) with Argonaute proteins, miRNAs are involved in a variety of biological processes, including cell proliferation, cell death, cell lineage determination, stem cell maintenance, and temporal regulation of developmental stages, by triggering the degradation and translational repression of target messenger RNAs (mRNAs) with complementary sequences. Less than 30 years after its discovery, more than 3000 miRNAs have been identified in humans. Many miRNAs are highly conserved across evolution, although their diversity and number correlate with organismal complexity \[[@B3-cancers-11-01738],[@B4-cancers-11-01738],[@B5-cancers-11-01738]\]. The *C. elegans* repertoire contains 437 miRNAs and the mouse repertoire over 1500, whereas humans produce between 2000 and 3000 miRNAs. The number of protein-coding genes per se is similar in higher eukaryotes and simple organisms, suggesting that this variety of miRNAs is responsible for the complexity of the organisms.

3. Mechanisms of miRNA Production and Action {#sec3-cancers-11-01738}
============================================

Most miRNAs are located in regions between genes, but recent studies have shown that they are also located within intron regions and even within protein-coding exon regions. The process of miRNA synthesis is as follows. The miRNA sequence present in the DNA is transcribed by RNA polymerase II (RNA pol II) into relatively large precursor miRNAs called primary miRNAs (pri-miRNAs). In the nucleus, pri-miRNAs are converted to precursor miRNAs (pre-miRNAs) of up to 70 nucleotides with a hairpin loop by a microprocessor complex consisting of Drosha (RNase III) and the RNA-binding protein DGCR8 (DiGeorge syndrome critical region gene 8: Pasha). Pre-miRNAs are then exported to the cytoplasm by a transporter called exportin-5, and the hairpin is cleaved into miRNAs/miRNAs\* (miR-3p/miR-5p) by the RNase III family member Dicer bound to TRBP (trans-activation response RNA binding protein), PRKRA, and Argonaute (AGO 1--4). In addition, miRNAs that are unwound to single-stranded molecules by helicase are complexed with Argonaute (AGO1, AGO2) and TRBP to form miR-RISC, a complex that controls gene expression. The recognition of target mRNAs by miRNAs is mainly done by complementary base pairing of only seven bases at the 5' end called seed sequences, and miRNAs (RISC) bound to complementary target mRNAs suppress their translation (translation of an mRNA into a protein) and degrade them \[[@B6-cancers-11-01738],[@B7-cancers-11-01738],[@B8-cancers-11-01738]\] ([Figure 1](#cancers-11-01738-f001){ref-type="fig"}). Recent research has revealed that miRNAs reversely amplify translation under certain conditions and bind to DNA, thereby controlling gene expression at the transcriptional level, which reveals the complexity of the roles of miRNAs in the regulation of gene expression.

4. Cancer and miRNAs {#sec4-cancers-11-01738}
====================

miRNAs are frequently present in unstable regions of chromosomes that are prone to deletion and amplification in cancer cells, and it has been suggested that abnormalities in miRNAs are not limited to some cancers but are directly related to the oncogenic mechanism itself. The first finding showing a relationship between cancer and miRNA was in chronic lymphocytic leukemia (CLL). In CLL, deletions are often found in the chromosomal region 13q14, but no protein-coding gene has been found at this deletion site and the pathologic significance of the deletion has long been unclear. Calinet al. showed that there are two miRNAs in this region, miR-15a and miR-16-1 \[[@B9-cancers-11-01738],[@B10-cancers-11-01738]\], and their expression was reduced in CLL with 13q14 deletion. Cimmino et al. also showed that this reduced miRNA expression was involved in the development of CLL because miR-15a and miR-16-1 targeted the apoptosis inhibitor BCL-2 \[[@B11-cancers-11-01738]\]. Several other studies also revealed that miR-15a/16-1 targets multiple genes that are related to cell cycle, apoptosis, and angiogenesis such as BCL-2, MCL-1, CCND1, WNT3A, and VEGF \[[@B9-cancers-11-01738]\]. In addition to miR-15a/16-1, many miRNAs have now been confirmed to be involved in carcinogenesis, cancer progression, and prognosis either as tumor suppressor genes or as oncogenes.

miRNAs either contribute to or repress the cancer phenotype. Many miRNAs have been discovered to be underexpressed in cancer tissues compared to their normal counterparts. Given that most of the underexpressed miRNAs in cancers can suppress tumor proliferation and induce tumor cell death via blocking oncogene expression, these miRNAs are called tumor suppressor miRNAs. In contrast, miRNAs that are overexpressed in tumors are called oncogenic miRNAs (oncomiRs).

When oncomiRs and tumor suppressor miRNAs are inhibited and stimulated, respectively, cancer cell proliferation, metastasis, and/or survival may be significantly reduced, depending on the type of cancer and the specific miRNA being affected. Thus, miRNAs have classically been categorized as either oncogenic or tumor-suppressive \[[@B12-cancers-11-01738]\]. However, there are conflicting reports as to whether specific miRNAs are either oncogenic or tumor-suppressive, indicating that this classification of miRNA may represent an oversimplification.

5. miRNA Abnormalities in MM {#sec5-cancers-11-01738}
============================

The first evidence of the involvement of miRNA in MM pathogenesis was presented by Al Masri et al., who demonstrated that MM cell lines and MM patients' samples displayed a lower expression of miR-125b, miR-133a, miR-1, miR-124a, miR-15, and miR-16 than their normal counterparts \[[@B13-cancers-11-01738]\]. Distinct expression patterns of several miRNAs between monoclonal gammopathy of undetermined significance (MGUS) and MM plasma cells and normal plasma cells also suggested a role of miRNAs in MM progression \[[@B14-cancers-11-01738]\].

The deletion of the chromosomal region 13q14 is recognized to be highly frequent in MM as well as CLL. miR-15a and miR-16 are present in chromosome 13q \[[@B15-cancers-11-01738]\], and their expression has been reported to be decreased in MM plasma cells compared to normal plasma cells. Furthermore, miR-15a/16 has been found to inhibit cell proliferation in vitro by impairing the expression of CDC25A and cyclin D1 and D2, targeting the apoptosis inhibitory BCL-2, and inhibiting the AKT3 and NF-kB pathways that are thought to be important contributors to MM proliferation \[[@B16-cancers-11-01738]\]. We also found that the expression of miR-15a and miR-16-1 was clearly decreased in MM plasma cells compared to normal and MGUS plasma cells and inversely correlated with BCL-2 and cyclin E expression \[[@B17-cancers-11-01738]\]. Considering that the in vitro function of these miRNAs is to inhibit cell proliferation, it would be appropriate to consider that the reduction of miR-15a and miR-16-1 expression is involved in the pathogenesis and progression of MM.

Higher expression of miR-21 has been reported in MM plasma cells compared to normal control cells. Several reports have suggested the oncogenic property of this miRNA: interleukin (IL)-6 induces miR-21 expression in a strictly STAT3-dependent manner, ectopic expression of miR-21 in MM cells decreases apoptosis in the absence of IL-6, and miR-21 inhibition suppresses MM cell growth \[[@B14-cancers-11-01738],[@B18-cancers-11-01738],[@B19-cancers-11-01738]\].

miR-221 and 222 exhibit their oncogenic function by targeting tumor suppressor PTEN and pro-apoptotic PUMA associated with drug sensitivity \[[@B20-cancers-11-01738],[@B21-cancers-11-01738],[@B22-cancers-11-01738]\]. miR-92a, which is a known hypoxia-regulated miRNA, and has been found to be upregulated in many cancers, has been proven to be related to MM progression involving the c-Jun pathway \[[@B23-cancers-11-01738]\].

In vitro studies have also shown that miR-29b suppresses the expression of the anti-apoptotic gene *MCL1* and induces apoptosis in cholangiocarcinoma cells, with similar results in MM cell lines \[[@B24-cancers-11-01738]\]. We also found that *MCL-1* mRNA expression levels were inversely correlated with miR-29a and miR-29b expression levels in various MM cell lines and patient samples, and that the introduction of miR-29 in cells decreased *MCL-1* mRNA expression. *MCL-1* appears to play an important role in anticancer drug resistance because it is overexpressed in treatment-resistant MM cells, showing potential as a therapeutic target.

6. Chromosomal Abnormalities and miRNA Expression in MM {#sec6-cancers-11-01738}
=======================================================

The most important molecular mechanism underlying MM pathogenesis is thought to be the activation of cancer-related genes by *IgH* gene translocations. Chromosomal translocations of the *IgH* gene are present in \~40--50% of MGUS and approximately 70% of MMs, and have been speculated to be important in their development and progression. Chromosomal abnormalities are also known to affect the prognosis and molecular profile of MM and are expected to correlate with miRNA expression.

Lionetti et al. analyzed the gene expression and miRNA and DNA copy numbers in MM cell lines and plasma cells from MM patients using integrated high-resolution microarray analysis. They found that 16 miRNAs (miR-22 at 17p13.3, miR-106b and miR-25 at 7q22.1, miR-15a at 13q14.3, miR-21 at 17q23, and miR-92b at 1q22, among others) present in chromosomal regions of alleles that are often disproportionately affected by chromosomal deletions or translocations in MM presented increased or decreased expression levels compared to normal plasma cells \[[@B25-cancers-11-01738]\]. The overexpression of miRNAs located at 1q, such as miR-1231, miR-205, miR-215, and miR-488, was correlated with chromosome 1q gain, which is observed in more than 50% of patients \[[@B25-cancers-11-01738]\]. miR-215 directly targets murine double minute 2 (MDM2), a negative regulator of p53, and IGF-1 and IGF-1R.

Regarding chromosomal losses, monosomy and deletions of chromosome 13 are detected in up to 50% of MM cases. Some of the miRNAs located in this region, like the miR-15a/16 cluster and members of the miR-17-92 cluster (miR-17, miR19a, and miR-20a), are downregulated in primary MM samples with del13q \[[@B16-cancers-11-01738],[@B26-cancers-11-01738]\]. miR-15a and miR-16 downregulation contributes to MM pathogenesis by promoting cell growth and neoangiogenesis in bone marrow \[[@B16-cancers-11-01738]\]. However, Corthals et al. reported that the expression of miR-15a and miR-16 present on chromosomal region 13q14 is not associated with its copy number variation (CNV) \[[@B26-cancers-11-01738],[@B27-cancers-11-01738]\], suggesting that the downregulation of these miRNAs does not solely depend on CNV. miR-22, encoded at the 17p locus, is significantly less expressed in those patients with the 17p deletion \[[@B28-cancers-11-01738]\].

Gutierrez et al. reported the deregulation of miRNA expression in the different genetic subtypes of MM. They found a significantly higher expression of miR-1 and miR-133a in MM with t(14; 16), which is known as high-risk cytogenetics, downregulation of miR-135b and miR-146a in MM with t(4; 14), and target genes that are involved in the IL-1 signaling pathway \[[@B29-cancers-11-01738]\]. Chi et al also identified specific miRNA signatures associated with the most common *IgH* translocations (t(4; 14) and t(11; 14)) and del(13q) \[[@B30-cancers-11-01738]\]. The relationship between chromosome status and miR expression is not always consistent. A table listing miRNAs with chromosomal and expression abnormalities related to the prognosis of MM that are reported to date, as well as the chromosomal regions of miRNAs and target genes of miRNAs, is provided ([Table 1](#cancers-11-01738-t001){ref-type="table"}).

7. miRNA and the p53 Pathway {#sec7-cancers-11-01738}
============================

p53 is a transcription factor, also called \"guardian of the gene," that monitors errors in gene replication, arrests the cell cycle when errors occur, induces the expression of repair genes, and induces cell death and the removal of abnormal cells when they cannot be repaired. In cancer cells, p53 mutates at a high rate, and the mutated p53 inhibits the action of wild-type p53, thereby inducing cancer cell proliferation and suppressing cancer cell death. The p53 mutation is less common in MM but the deletion of monoallelic *TP53* by chromosome 17p deletion has been identified as the worst prognostic factor for MM \[[@B32-cancers-11-01738],[@B33-cancers-11-01738],[@B34-cancers-11-01738]\]. The normal p53 function is suppressed by MDM2, which is also known to be highly expressed in MM cells \[[@B35-cancers-11-01738]\], leading to a decreased activity of p53 \[[@B36-cancers-11-01738]\]. Reduced expression of miR-192, miR-194, and miR-215, which can inhibit MDM2 and amplify normal p53 activity, was observed in MM \[[@B37-cancers-11-01738],[@B38-cancers-11-01738]\]; thus, the underexpression of these miRNAs is supposed to be involved in MM pathogenesis.

Ectopic miR-125a-5p reduced the expression of p53 pathway-related genes, including the expression of miR-192 and miR-194, transcriptionally regulated by p53 in MM cells, while miR-125a-5p inhibitors had the opposite effect. Lentiviral-mediated stable inhibition of miR-125a-5p expression in wild-type p53 MM cells dampened cell growth, increased apoptosis, and reduced cell migration. Inhibition of in vitro MM cell proliferation and migration was also achieved by the use of synthetic miR-125a-5p inhibitors and was potentiated by the co-expression of miR-192 or miR-194 \[[@B39-cancers-11-01738]\]. These observations reveal that miR-125a-5p acts as an oncomiR via attenuating p53-dependent tumor suppressor networks.

MiR-125b and miR-504 are direct negative regulators of p53 as they bind to the 3'-untranslated region (UTR) of p53 mRNA, and their overexpression leads to downregulation of the endogenous level of p53, inhibiting apoptosis in human neuroblastoma and lung fibroblast cells \[[@B40-cancers-11-01738],[@B41-cancers-11-01738]\]. Deregulation of miR-125b in MM pathogenesis and drug resistance has also been confirmed \[[@B42-cancers-11-01738]\]. Contrary to the notion of miR-125b as oncogenic function, tumor suppressive function of miR-125b was also noticed in p53 mutated MM cells in vitro model, as well as the miR-125b-dependent upregulation of tumor suppressor miR-34a found in this model \[[@B43-cancers-11-01738]\].

The expression of miR-34a and 34-b/c is enhanced by the binding of p53 to their promoter regions and is known to inhibit the expression of the oncogene *MYC* and cyclin-dependent phosphorylation enzyme CDK6 which promote cell proliferation \[[@B44-cancers-11-01738]\]. In this sense, miR-34a and 34b/c function as tumor suppressor genes that mediate the p53 function \[[@B44-cancers-11-01738],[@B45-cancers-11-01738]\]. miR-34a expression is decreased in MM cells harboring the 17p deletion/*TP53* mutation, and its promoter region is frequently methylated \[[@B46-cancers-11-01738]\]. Others and we have shown that the promoter regions of miR-34a and 34b/c were frequently methylated in MM and that the expression of these miRNAs was increased by the demethylating agent decitabine, suggesting that p53 cannot induce the expression of these miRNAs and, consequently, cannot exert at least some of its tumor-suppressive functions through miR-34 \[[@B46-cancers-11-01738],[@B47-cancers-11-01738],[@B48-cancers-11-01738],[@B49-cancers-11-01738],[@B50-cancers-11-01738]\].

The restoration of the susceptibility of MM cells to anticancer drugs through p53 reactivation by controlling miRNA expression might be a therapeutic strategy to explore in the future.

8. Epigenetic Regulation and miRNA in MM {#sec8-cancers-11-01738}
========================================

Although miRNA expression is often suppressed in many cancers including MM, the overall underlying mechanism is not yet fully elucidated. Some are thought to be due to gene deletion as described above, but not all coding regions of miRNAs are deleted and sometimes the chromosomal deletion or CNV is not correlated with miRNA downregulation. It has recently been shown that miRNA expression is itself epigenetically regulated by methylation and histone acetylation.

miR-34a/b/c, miR-124-1, miR-194-2, miR-192, miR-203, miR-152, and miR-10b-5p have been reported to be frequently methylated in MM \[[@B50-cancers-11-01738],[@B51-cancers-11-01738],[@B52-cancers-11-01738]\]. The target genes of these miRNAs are involved in cell survival, proliferation, and drug resistance. For example, hypermethylation of miR-34a/b/c attenuates the tumor suppressor function of p53 via targeting *BCL-2, CCND1, CCNE2, CDK4, CDK6, E2F,* and *MYC* \[[@B44-cancers-11-01738]\]. As mentioned above, others and we have shown that the promoter regions of miR-34a and 34b/c were frequently methylated in MM and that the expression of these miRNAs was increased by the demethylating agent decitabine \[[@B46-cancers-11-01738],[@B47-cancers-11-01738],[@B48-cancers-11-01738],[@B49-cancers-11-01738],[@B50-cancers-11-01738]\]. The repression of miR-375 by methylation is the dominant mechanism for constitutive activation of the PDPK1/RPS6KA3 signaling axis in MM \[[@B53-cancers-11-01738]\].

In addition to DNA methylation, miRNAs are regulated by other epigenetic mechanisms such as histone modification. Silencing of histone deacetylase 4 (HDAC4) by short hairpin RNAs induced miR-29b expression through the hyperacetylation of its promoter, leading to the downregulation of miR-29b pro-survival target gene *SP1*, followed by the inhibition of MM cell survival and migration, and triggering of apoptosis and autophagy by MCL-1. Treatment with the pan-HDAC inhibitor SAHA upregulated miR-29b \[[@B54-cancers-11-01738]\]. EZH2 is an essential component of polycomb repressive complex 2 (PRC2), which silences gene expression through methylation of lysine residues of the histone tail, and is frequently overexpressed in cancer cells. EZH2 inhibition induces the expression of miR-29b together with the downregulation of the major miR-29b pro-survival targets SP1, MCL-1, and CDK6 \[[@B55-cancers-11-01738]\]. Histone methyltransferase MMSET, which is overexpressed in approximately 15% of MM patients mainly due to t (4; 14), binds to the miR-126\* promoter and represses miR-126\* by increasing H3K9 trimethylation and decreasing H3 acetylation. In turn, by repressing miR-126\*, MMSET induces the expression of its target, c-MYC \[[@B56-cancers-11-01738]\].

On the other hand, a subclass of miRNAs, named "epi-miRNAs", that targets epigenetic regulators, such as DNA methyltransferases (DNMTs), HDACs, and components of PRC, have proven to contribute to the epigenetic cellular landscape in cancer \[[@B57-cancers-11-01738]\]. Among a variety of miRNAs, the miR-29 family represents the prototypical example of epi-miRNAs, since miR-29s have been demonstrated to target a number of epigenetic effectors, thus inhibiting their aberrant expression and activity and leading to the re-activation of relevant oncosuppressive pathways in hematologic malignancies \[[@B58-cancers-11-01738],[@B59-cancers-11-01738],[@B60-cancers-11-01738]\]. The 3'-UTR of the DNA methylating enzymes DNMT3A and 3B mRNA has a sequence complementary to miR-29a/b, and, in fact, it has been shown that the latter represses DNMT expression \[[@B61-cancers-11-01738]\]. Expression of DNMT1, an enzyme that maintains the methylation status of methylated DNA, is regulated by the transcription factor SP1, and the expression of SP1 is also suppressed by miR-29b, suggesting that gene regulation by DNA methylation and miRNAs are mutually regulated \[[@B58-cancers-11-01738],[@B59-cancers-11-01738]\]. miR-29b induces the expression of suppressor of cytokine signaling-1 (SOCS-1) by demethylation of its promoter \[[@B62-cancers-11-01738]\]. c-MYC takes part in a multi-component regulatory complex that trans-represses several miRNAs in MM, including miR-23b, miR-29b, and miR-29a \[[@B63-cancers-11-01738],[@B64-cancers-11-01738],[@B65-cancers-11-01738]\]. We also found that the expression level of DNMT was decreased and miR-34 expression was increased by the introduction of synthetic miR-29 in MM cells in vitro. *MYC*, which is a target of miR-34, was reported to be able to suppress miR-29b expression \[[@B47-cancers-11-01738],[@B48-cancers-11-01738],[@B63-cancers-11-01738]\]. Altogether, these findings suggest a feedback loop regulation system in which miR-29 represses DNMT, which in turn is unable to exert its suppressing activity on miR-34, a miRNA that targets *MYC*, which controls the expression of miR-29 ([Figure 2](#cancers-11-01738-f002){ref-type="fig"}).

9. Other miRNA Regulatory Mechanisms in MM {#sec9-cancers-11-01738}
==========================================

Various factors are involved in the expression of mature miRNA: Drosha, which is involved in the production of pre-miRNAs; exportin-5, which transports pre-miRNAs out of the nucleus; and Dicer, which turns pre-miRNAs into mature miRNAs. Aberrant expression of Dicer, but not of Drosha, has been reported in MM \[[@B65-cancers-11-01738]\]. Moreover, Dicer expression decreases with the progression from MGUS to MM, and progression-free survival (PFS) is prolonged when Dicer expression is high in MM \[[@B66-cancers-11-01738]\]. This suggests that the decreased Dicer expression in MM attributes to decreased mature miRNA expression.

Emerging evidence suggests that miRNAs are themselves regulated by other RNA molecules that contain complementary miRNA binding sites, such as mRNAs, pseudogenes, lncRNAs, and circular RNAs (circRNAs). In recent years, endogenous non-coding RNAs, i.e., competing endogenous RNAs (ceRNA), have been discovered to enclose sequences complementary to miRNAs and to act as so-called sponges to suppress miRNA function. This is a key mechanism controlling miRNA function and has received considerable attention \[[@B67-cancers-11-01738],[@B68-cancers-11-01738],[@B69-cancers-11-01738],[@B70-cancers-11-01738]\]. PTENP1, a pseudogene of the tumor suppressor gene PTEN, also has a region that binds to miR-21 and functions as ceRNA \[[@B70-cancers-11-01738]\].

10. Drug Resistance and miRNA {#sec10-cancers-11-01738}
=============================

Many studies have demonstrated that miRNAs might be involved in the drug resistance of MM ([Table 2](#cancers-11-01738-t002){ref-type="table"}). Tumor suppressor miRNAs are frequently downregulated in drug-resistant MM cells, and restoring these miRNAs can overcome drug resistance through resensitization to chemotherapeutic agents \[[@B71-cancers-11-01738]\]. For example, IL-6-suppressed miR-15a/16 expression induces drug resistance in MM cells and is associated with poor prognosis \[[@B72-cancers-11-01738]\]. Three studies have identified miR-137, which targets the anti-apoptotic gene *MCL1*, *AURKA* (a gene coding for a protein involved in mitosis and cell proliferation), and AKT, as a tumor suppressing miRNA, and its overexpression in MM cells sensitizes them to anti-myeloma drugs \[[@B73-cancers-11-01738],[@B74-cancers-11-01738],[@B75-cancers-11-01738]\]. Interestingly, in MM, miR-137 is silenced by promoter hypermethylation. Ectopic expression of miR-137 sensitized the cells to bortezomib via upregulating p53 and downregulating ATM/Chk2. miR-27a, miR-631, miR-324-5p, miR-155, miR-497, miR-520g, and miR-520h are shown to be involved in bortezomib resistance of MM cells, and inducing the expression of these miRNAs resensitizes the cells to bortezomib \[[@B31-cancers-11-01738],[@B76-cancers-11-01738],[@B77-cancers-11-01738],[@B78-cancers-11-01738],[@B79-cancers-11-01738],[@B80-cancers-11-01738],[@B81-cancers-11-01738]\].

On the other hand, oncomiRs such as miR-21, miR-221/222, miR-125a, b, and miR-451 are upregulated in MM cells showing drug resistance. The enforced expression of these miRNAs reduced the cell death induced by anti-myeloma agents such as bortezomib and dexamethasone; inhibition of these miRNAs is thought to be a new therapeutic strategy to overcome drug resistance \[[@B19-cancers-11-01738],[@B20-cancers-11-01738],[@B21-cancers-11-01738],[@B22-cancers-11-01738],[@B39-cancers-11-01738],[@B42-cancers-11-01738]\]. Gullà et al. and Zhao et al. demonstrated that miR-221/222 directly targets the BH3-only BCL-2 family member PUMA, which is a critical mediator of p53-dependent and -independent apoptosis. In vitro inhibition of miR-221/222 upregulated the expression of the pro-apoptotic genes *BAX* and *BAK*, and consequently abrogated dexamethasone resistance. Moreover, miR-221/222 expression inversely correlated with melphalan sensitivity of MM cells. Inhibition of miR-221/222 overcame melphalan resistance and triggered apoptosis of MM cells in vitro. Accordingly, treatment of SCID/NOD mice bearing melphalan-refractory human MM xenografts with systemic locked nucleic acid (LNA) inhibitors of miR-221 (LNA-i-miR-221) plus melphalan overcame drug resistance \[[@B20-cancers-11-01738],[@B21-cancers-11-01738]\]. Furthermore, miR-221/222-mediated inhibition of autophagy was shown to promote dexamethasone resistance in MM \[[@B82-cancers-11-01738]\]. miR-125a, b, and miR-221 inhibitors might be good candidates for the treatment of MM ([Table 2](#cancers-11-01738-t002){ref-type="table"}).

11. Possible Classification of MM by miRNA Expression Profiling {#sec11-cancers-11-01738}
===============================================================

With the development of miRNA microarrays, beads-based flow cytometry, and high-throughput deep sequencing, researchers are rapidly investigating how genome-wide miRNA profiles (miRNome) can aid in tumor classification, diagnosis, and prognosis prediction. miRNA profiles are thought to be more accurate than mRNA expression profiles because they not only distinguish normal from cancerous tissues and the organ or tissue from which cancer originates, but also distinguish subtypes of cancer in the same tissue. One study reported that 48 miRNAs accurately diagnosed 86% of cancers. Thus, the development of a miRNA-directed cancer classification is invaluable in clinical diagnosis and treatment planning. It has also been suggested that the expression pattern of miRNAs can be a prognostic biomarker.

Several miRNAs expressed in MM cells derived from patients were shown to be prognostic predictors. The miRNA-15a/16-1 cluster located in the chromosomal region 13q14 is downregulated but displays different expression patterns and prognostic significance in MM. Low miR-15a expression was a powerful independent predictor of progression free survival (PFS) and overall survival (OS) \[[@B83-cancers-11-01738]\]; however, another study demonstrated opposite results \[[@B84-cancers-11-01738]\]. A prognostic classification based on microarray-analyzed miRNA expression profiling has also been reported by the United Kingdom Medical Research Council (MRC). MM were classified into three groups according to the expression levels of miR-17 and miR-886-5p, and this method was found to be superior to the International Staging System (ISS) and fluorescence in situ hybridization (FISH)-based prognostic predictions \[[@B85-cancers-11-01738]\]. The survival analysis based on miRNAs assessed by microarray reported by Chi et al. showed that low expression of miR-153, miR-490, miR-455, miR-642, miR-548d, miR-500, and miR-296, and high expression of miR-373, miR-554, and miR-888 were associated with poor prognosis \[[@B30-cancers-11-01738]\]. A systemic review and meta-analysis were performed to confirm the prognostic significance of miRNA. Ten relevant studies including 1214 cases were analyzed, and it was revealed that upregulated miR-92a and downregulated miR-16, miR-25, miR-744, miR-15a, let-7e, and miR19b expression were significantly associated with poor prognosis of MM \[[@B86-cancers-11-01738]\]. Given that miR-744 is located on chromosomal region 17p12, close to the *TP53* gene, and that deletions 17p13.1 to 17p12 are well-known indicators of poor prognosis, it is suggested that miR-744 might contribute to the poor prognosis of MM with deletion 17p \[[@B86-cancers-11-01738]\]. miR-33b located in chromosome 17p is also significantly downregulated in MM, especially MM with high-risk cytogenetics, and the survival of patients with low miR-33b expression is significantly shorter \[[@B87-cancers-11-01738]\]. Epigenetically suppressed miR-137 expression by promoter methylation is also associated with poor prognosis \[[@B75-cancers-11-01738]\].

Because miRNAs are smaller and more stable than long RNAs, they can be more reliably extracted from frozen and paraffin-fixed tissues, plasma, serum, urine, saliva, and even sputum than mRNAs, suggesting that serum miRNAs from cancer patients are potential biomarkers \[[@B88-cancers-11-01738]\]. Recent studies have also shown that miRNAs are not only present in cells, but also migrate in vivo in membrane-enclosed particles, called exosomes, being transported between cells \[[@B89-cancers-11-01738],[@B90-cancers-11-01738]\]. Diagnosis and prognosis of MM, among others, are also expected to be obtained from the blood exome analysis \[[@B91-cancers-11-01738]\].

12. Circulating miRNA in the Bloodstream {#sec12-cancers-11-01738}
========================================

Circulating miRNAs detected in body fluid have emerged as appealing biomarkers because they can be obtained by noninvasive methods and have been reported to be prognostic tools in many types of cancers including MM. miRNAs are detectable in body fluid encapsulated in lipid vesicles called extracellular vesicles (EVs) characterized according to the size into exosomes, microvesicles, and apoptotic bodies \[[@B89-cancers-11-01738],[@B90-cancers-11-01738],[@B91-cancers-11-01738],[@B92-cancers-11-01738]\]. In addition to EVs, circulating miRNAs can be loaded into a high density lipoprotein (HDL) \[[@B93-cancers-11-01738]\] or bound in a protein complex composed of an AGO family outside of vesicles \[[@B94-cancers-11-01738]\]. Some secreted miRNAs, especially those in EVs such as exosomes, may mediate paracrine and endocrine communication between different tissues, thus modulating gene expression and function in distal cells \[[@B89-cancers-11-01738],[@B90-cancers-11-01738]\] ([Figure 3](#cancers-11-01738-f003){ref-type="fig"}). Exosomes are 50--140 nm vesicles that contain protein and nucleic acids such as miRNAs. They are actively secreted by several cell types, including cancer cells, and can be isolated from peripheral blood, which makes them attractive biomarkers of disease progression and risk stratification \[[@B91-cancers-11-01738]\]. In MM, bone marrow mesenchymal stromal cell-derived exosomes containing oncogenic proteins facilitate disease progression; interestingly, exosomes from MM patients contain the tumor suppressor miR-15a compared to those from healthy donors, which demonstrates the tumor-suppressive role of this miRNA \[[@B95-cancers-11-01738]\].

The prognostic relevance of circulating exosomal miRNAs was demonstrated. When exosomes obtained from uniformly treated myeloma patients were analyzed, let-7b, let-7e, miR-106a, miR-106b, miR-155, miR-16, miR-17, miR-18a, and miR-20a were found to be significant risk factors for PFS. Among these, two miRNAs, let-7b and miR-18a, were significantly associated with both PFS and overall survival, even after adjustment for the ISS and adverse cytogenetics, supporting the use of circulating exosomal miRNAs to improve the identification of poor outcome of myeloma patients \[[@B96-cancers-11-01738]\]. The let-7 family acts as tumor suppressor miRNAs in MM, with a low level of let-7 inducing cell proliferation and growth by depressing oncogenes such as *CCND1*, *MYC*, and *RAS*. miR-18a is a component of the miR-17-92 cluster in chromosomal region 13q31.3 and was reported to be associated with HIF-1 regulation and tumor metastasis.

In addition, not only survival risk factors, but also the different profile of exosomal miRNAs between smoldering MM and active MM, have been reported. The let-7 family members' let-7c, miR-20a, miR-103a, miR-140, and miR-185a were significantly lower in MM, whereas miR-4505 and miR-4741 were found to be higher in this disease, suggesting that serum exosomal miRNAs can be used as biomarkers for disease progression \[[@B97-cancers-11-01738]\]. Exosomal miRNAs can also be used as biomarkers for drug resistance, as a significant down-regulation of exosomal miR-16-5p and miR-15a-5, which target BCL-2, and miR-20a-5p and miR-17-5p, which target *MYC*, was revealed in bortezomib-resistant patients \[[@B98-cancers-11-01738]\].

All these studies demonstrated the clinical usefulness of exosomal miRNAs as biomarkers. Employing exosomal miRNAs as biomarkers has a clear advantage compare to AGO-miRNA concerning their stability during the processing of genetic materials in circulation as well as functional role of exosomes in cell to cell communication \[[@B92-cancers-11-01738]\]. However, whether these low contents of tumor-suppressive miRNAs in exosomes is just a marker of downregulation of these miRNAs in MM cells or plays some roles in promoting disease progression and drug resistance remains to be determined. Differential miRNA expression in exosomes may depend on selective miRNA sorting by four potential mechanisms: neural sphingomyelinase 2 dependent pathway, a mechanism involving a GGAG miRNA motif that can be recognized by sumoylated heterogeneous nuclear ribonucleoprotein, uridylation or adenylation of 30 ends of miRNA, or a mechanism which involves a miRNA induced silencing complex (miRISC) \[[@B92-cancers-11-01738]\]. Since exosomes are known to be used as communication tools between cells by delivering their content, the putative role and mechanisms of exosomal miRNAs in this context should be clarified.

13. miRNA and the Microenvironment {#sec13-cancers-11-01738}
==================================

The importance of the tumor microenvironment in cancer progression has been swiftly recognized. The cancer microenvironment comprises feeder cells such as fibroblasts, stromal cells, and mesenchymal stem cells (MSCs), immune cells such as lymphocytes (T, B, NK, among others), macrophages, and dendritic cells (DCs), and extracellular matrices, among others. Tumor cells and the cells in the tumor microenvironment communicate with each other through hormones and cytokines. Recently, EVs, including exosomes, containing miRNAs, RNAs, and proteins have emerged as important cellular communicators, and attention has been drawn to the functional role of miRNAs as well as their role as prognostic indicators.

Roccaro et al. showed that abnormal miRNA expression in MM was observed not only in MM cells, but also in stromal cells forming the bone marrow microenvironment, miRNAs in exosomes secreted by stromal cells derived from MM bone marrow were different from those secreted by normal stromal cells, and normal exosomes can suppress the proliferation of MM \[[@B95-cancers-11-01738]\].

Bone marrow fibroblasts overexpress miR-27b and miR-214 in step with MM progression, which is dependent on tumor cell-derived exosomes. The specific miR profile in bone marrow fibroblasts parallels the transition from MGUS to MM. Overexpression of miR-27b-3p and miR-214-3p triggers proliferation and apoptosis resistance in myeloma fibroblasts via the FBXW7 and PTEN/AKT/GSK3 pathways, respectively. Transient transfection of miR-27b-3p and miR-214-3p inhibitors demonstrates cooperation between these two miRNAs in the expression of the anti-apoptotic factor MCL1, suggesting that miR-27b-3p and miR-214-3p negatively regulate myeloma fibroblast apoptosis. Furthermore, myeloma cells modulate miR-27b-3p and miR-214-3p expression in fibroblasts through the release of exosomes \[[@B99-cancers-11-01738]\].

When miRNA changes were examined in MSCs after culture with conditioned medium for MM cells, 19 miRNAs were found to be dysregulated, including the upregulated miR-146a. Exosomes derived from MM cells contained miR-146a and could be transferred into MSCs. After overexpressing miR-146a in MSCs, the secretion of several cytokines and chemokines including CXCL1, IL-6, IL-8, IP-10, MCP-1, and CCL-5 was elevated, resulting in the enhancement of MM cell viability and migration \[[@B100-cancers-11-01738]\].

DCs have a key role in regulating tumor immunity, tumor cell growth, and drug resistance. miR-29b was identified as the only miRNA upregulated in normal mature DCs and significantly downregulated in tumor-associated DCs. The enforced expression of miR-29b counteracted proinflammatory pathways, including STAT3 and NF-κB, and cytokine/chemokine signaling networks, which correlated with patients' adverse prognosis and development of bone disease. MM reprograms the DC functional phenotype by downregulating miR-29b, whose reconstitution impairs the DCs ability to sustain MM cell growth and survival \[[@B101-cancers-11-01738]\].

Emerging experimental evidence is also disclosing a key regulatory role of miRNAs in the regulation of bone homeostasis. The enforced expression of miR-29b impairs osteoclast differentiation and overcomes osteoclast activation triggered by MM cells \[[@B102-cancers-11-01738]\]. Conversely, miR-138 expression is significantly increased in MSCs derived from MM and MM cells themselves, and inhibition of this miRNA enhances bone formation in the MM bone marrow niche \[[@B103-cancers-11-01738]\].

14. Potential Therapies Using miRNA {#sec14-cancers-11-01738}
===================================

The appeal and advantage of miRNAs as therapeutic agents lie in their ability to target genes of interest and to control various intracellular and intercellular networks \[[@B104-cancers-11-01738]\].

miR-15a/16-1 was administered to in vivo xenograft models, resulting in tumor cell shrinkage \[[@B105-cancers-11-01738]\]. Transient expression of miR-34a synthetic mimics or lentivirus-based miR-34a-stable enforced expression triggered growth inhibition and apoptosis of MM cells in vitro. Synthetic miR-34a downregulated the canonic targets BCL-2, CDK6, and NOTCH1 at both the mRNA and protein levels. Lentiviral vector-transduced MM xenografts with constitutive miR-34a expression showed high growth inhibition, and lipidic-formulated miR-34a showed an anti-MM activity in vivo \[[@B106-cancers-11-01738]\]. Concerning the potential therapies using miR-34a, the combination with other anti-cancer agents appears a promising anti-MM strategy. For example, the combination of miR-34a and γ-secretase inhibitor, Sirtinol or zoledronic acid, as a new strategy to enhance the miR-34a-dependent inhibitory effect on its canonical targets \[[@B107-cancers-11-01738]\].

The oncomiR miR-221/222 has shown to be a good candidate therapeutic target. miR-221/222 inhibitors triggered in vitro anti-proliferative effects and up-regulation of canonic miR-221/222 targets, including p27Kip1, PUMA, PTEN, and p57Kip2, in MM cells highly expressing miR-221/222. Conversely, transfection of miR-221/222 mimics increased the S-phase and downregulated p27Kip1 protein expression in MM with low basal miR-221/222 levels. The effects of miR-221/222 inhibitors were also evaluated in MM xenografts in SCID/ NOD mice \[[@B21-cancers-11-01738],[@B108-cancers-11-01738]\].

Furthermore, LNA-i-miR-221 restored the drug sensitivity in melphalan-refractory MM cells. The inhibition of miR-221/222 overcame melphalan resistance and triggered apoptosis of MM cells in vitro, with in vivo experiments showing similar results \[[@B21-cancers-11-01738]\]. miR-29b replacement has also been shown to inhibit proteasomes and to disrupt aggresome and autophagosome formation to enhance the anti-myeloma activity of bortezomib \[[@B109-cancers-11-01738]\].

In order to use miRNAs as therapeutic agents, two problems must be solved: how to maintain their stability in vivo and how to develop delivery systems that efficiently deliver them to target cells. To date, methods using atelocollagen and liposome or viral vectors, such as adenoviruses, have been reported but a safe and reliable method has not yet been established. Given the stability of exosomes in the blood, treatment with exosomes containing tumor-suppressive miRNAs may also be considered. Cell therapy with stromal or mesenchymal cells that secrete exosomes containing tumor-suppressive miRNAs might also be effective.

However, conflicting findings do not support the classification of miRNAs as either oncogenic or tumor-suppressive. Certain miRNAs have been shown to be oncogenic in one scenario but tumor suppressive in another. For example, miR-125b acts as an oncomiR in the vast majority of hematologic malignancies and as a tumor suppressor in many solid tumors \[[@B12-cancers-11-01738],[@B110-cancers-11-01738],[@B111-cancers-11-01738]\]. Therefore, therapeutic approaches using miRNAs should be considered with caution.

15. Conclusions {#sec15-cancers-11-01738}
===============

miRNAs are not junk and can serve as prognostic indicators and novel treatment targets. The ability of miRNAs to control the expression of many genes is attractive for the development of treatment strategies but one should be careful to use them, as their mechanism of regulation and function has not been yet clarified in depth. Thus, further studies are required to fully elucidate these mechanisms and to enable the safe use of miRNAs in the clinic.
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cancers-11-01738-t001_Table 1

###### 

Chromosomal abnormality and deregulated miRNA expression.

  Cytogenetic Group   Deregulated miRNA   Chromosomal Location   miRNA Target                                                                             Ref.
  ------------------- ------------------- ---------------------- ---------------------------------------------------------------------------------------- -----------------------------------------------------
  t(4;14)             miR-133b            6p12.2                 FSCN1                                                                                    \[[@B29-cancers-11-01738]\]
                      miR-135b            1q32.1                                                                                                          
                      miR-146a            5q34                   IRAK1, Fas, SMAD4, TBP, CCL8/MCP2                                                        
                      miR-155             21q21.3                KPC1, IL-13Rα1, CYR61, SMAD1, SMAD2, SMAD5, HIVEP2, CEBPB, RUNX2, MYO10, JARID2, AGTR1   
                      miR-193a            17q11.2                                                                                                         
                      miR-196b            7p15.2                                                                                                          
                      miR-203             14q32.33               P63, SOCS-3                                                                              
                      miR-215             1q41                   DHFR, TS                                                                                 
                      miR-342             14q32.2                                                                                                         
                      miR-375             2q35                   YAP, RASD1, PDK1, 14-3-3Zeta                                                             
                      miR-650             22q11.22               NDRG2, ING4                                                                              
  t(11;14)            miR-95              4p16.1                 SNX1                                                                                     \[[@B29-cancers-11-01738]\]
                      miR-125a            19q13.41               PDPN, BAK1, KLF13, preproET1, ARID3B, HuR, ERBB2, ERBB3                                  
                      miR-184             15q25.1                AKT2                                                                                     
                      miR-199a            19p13.2/1q24.3         CD44, mTOR, c-MET, HIF1-α                                                                
                      miR-215             1q41                   DHFR, TS                                                                                 
                      miR-375             2q35                   YAP, RASD1, PDK1, 14-3-3Zeta                                                             
                      miR-650             22q13.41               NDRG2, ING4                                                                              
  t(14;16)            miR-1               20q13.33               TAGLN2, KLF4, c-MET                                                                      \[[@B25-cancers-11-01738],[@B29-cancers-11-01738]\]
                      miR-99b             19q13.41                                                                                                        
                      miR-125a-5p         19q13.42               PDPN, BAK1, KLF13, preproET1, ARID3B, HuR, ERBB2, ERBB3                                  
                      miR-133a            18q11.2/20q13.33                                                                                                
                      miR-135b            1q32.1                                                                                                          
                      miR-196b            7p15.2                                                                                                          
                      miR-214             1q24.3                 PTEN                                                                                     
                      miR-375             2p35                   YAP, RASD1, PDK1, 14-3-3Zeta                                                             
                      miR-642             19q13.32                                                                                                        
  Deletion 13q14      miR-15a-16          13q14.3                E2F, CCND1, WNT3A, BCL-2                                                                 \[[@B16-cancers-11-01738],[@B27-cancers-11-01738]\]
                      miR-181a/b          1q32.1/9q33.3          RASSF1A, TIMP3, NLK, Prox1, HOXA11                                                       
                      miR-221             Xp11.3                 p27, ETS1, PUMA, p57, TIMP3, PTEN                                                        
                      miR-222             Xp11.3                 p27, PUMA, p57, TIMP3, PETN                                                              
                      miR-382             14q32.31               SOD2, NPM1, PSPC1, HSPD1, ECH1                                                           
  1q gain             miR-205             1q32.2                                                                                                          \[[@B25-cancers-11-01738]\]
                      miR-215             1q41                   MDM2, RUNX1                                                                              
                      miR-488             1q25.2                                                                                                          
                      miR-1231            1q32.1                                                                                                          
  Deletion 17p        miR-22              17p13.3                                                                                                         \[[@B25-cancers-11-01738],[@B29-cancers-11-01738]\]
                      miR-324-5p          17p13.1                MDR, MRP, BCRP, BCL-2 family                                                             \[[@B31-cancers-11-01738]\]

cancers-11-01738-t002_Table 2

###### 

miRNAs and their potential role in multiple myeloma (MM) drug resistance.

  miRNA       Observed Alteration                                                   Target                                        Functional Response                                                                                                                                                                  Ref
  ----------- --------------------------------------------------------------------- --------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -----------------------------------------------------------------------------
  15a/16      Downregulated                                                         NA                                            IL-6 downregulates miR-15a/16 and enhances drug resistance                                                                                                                           \[[@B72-cancers-11-01738]\]
  221/222     Upregulated in melphalan-resistant HMCLs                              PUMA/BBC3                                     miR-221/222 inhibitor upregulates PUMA, increasing apoptosis in drug-resistant HMCLs                                                                                                 \[[@B20-cancers-11-01738],[@B21-cancers-11-01738]\]
  221/222     Upregulated in DEX-resistant HMCL (MM.1R)                             PUMA/BBC3                                     Inhibition of miR-221/222 in MM.1R cells partially restores their DEX sensitivity, whereas enforced expression in MM.1S cells downregulates PUMA and renders them resistant to DEX   \[[@B22-cancers-11-01738]\]
  125a        Upregulated in MM cells following adhesion to BMSCs                   p53                                           NA                                                                                                                                                                                   \[[@B39-cancers-11-01738]\]
  125b        Upregulated in DEX-responsive MM cells                                p53, interacts with miR-34a targeting SIRT1   Anti-miR-125b increases p53, miR-34a, decreased SIRT1, and increases DEX-induced apoptosis                                                                                           \[[@B42-cancers-11-01738]\]
  137         Downregulated in MM cells harboring 1p12-21 deletion                  MCL-1, AKT, AURKA                             Targets *MCL1*, *AURKA*, and AKT; Ectopic expression of miR-137 sensitizes cells to bortezomib via upregulating p53 and downregulating ATM/Chk2                                      \[[@B73-cancers-11-01738],[@B74-cancers-11-01738],[@B75-cancers-11-01738]\]
  27a         Downregulated in BTZ-resistant HMCLs                                  CDK5                                          Ectopic expression of miR-27a in MM cells increases their sensitivity to BTZ                                                                                                         \[[@B76-cancers-11-01738]\]
  631         Downregulated in BTZ-resistant HMCL                                   UbcH10/MDR1                                   Modulates UbcH10/MDR1 pathway, which is associated with BTZ resistance in HMCL                                                                                                       \[[@B77-cancers-11-01738]\]
  324-5p      Located on 17p and downregulated in MM cells harboring 17p deletion   BCL2 family gene and MDR1, BCRP, MRP          Regulates sensitivity to bortezomib in MM cells by targeting hedgehog signaling                                                                                                      \[[@B31-cancers-11-01738]\]
  155         Downregulated in MM cells                                             PSMβ5                                         miR-155 elicits anti-MM activity likely via proteasome inhibition                                                                                                                    \[[@B78-cancers-11-01738]\]
  497         Downregulated in MM cells                                             BCL-2                                         miR-497 suppresses MM cell proliferation and promotes apoptosis by directly targeting BCL-2 and increases the sensitivity of MM cells to bortezomib                                  \[[@B79-cancers-11-01738]\]
  520g/520h   Downregulated in BTZ-resistant HMCL                                   APE1                                          Combined overexpression of miR-520g and miR-520h overcomes bortezomib resistance in MM through inhibition of DNA repair                                                              \[[@B80-cancers-11-01738]\]
  21          Upregulated in MM cells following adhesion to BMSCs                   RhoB                                          Enforced expression of miR-21 leads to reduced apoptosis induced by DEX, DOX, and BTZ; inhibition of this miRNA induces the opposite effects                                         \[[@B81-cancers-11-01738]\]
  21          Upregulated in melphalan-resistant HMCLs                              NA                                            NA                                                                                                                                                                                   \[[@B19-cancers-11-01738]\]

NA: not available, HMCL: human myeloma cell line, DEX: dexamethasone, BMSC: bone marrow stroma cell, BTZ: bortezomib, DOX: doxorubicin.
